High-Level Waste (HLW) is a waste associated with the dissolution of spent nuclear fuel for the recovery of weapons-grade material. It is the priority problem for the U. , on MST, which were added (individually) from stock solutions of Sr and 238 U(VI) with spectroscopic and transmission electron microscopic techniques. The local structural speciation of sorbed U varied with loading and but not for Sr. Sorbed Sr exhibited specific adsorption as partially-hydrated species whereas sorbed U exhibited specific adsorption as monomeric and dimeric U(VI)-carbonate complexes. Sorption proved site specific. These differences in site specificity and sorption mechanism may account for the difficulties associated with predicting Sr and U loading and removal kinetics using MST.
Introduction
High-Level Waste (HLW) is a radioactive waste associated with the dissolution of spent nuclear fuel rods for the recovery of weapons grade material. At the Savannah River Site (SRS, Aiken, SC), nearly 130 million L of HLW await disposition. This waste is highly alkaline, concentrated in Na + and NO 3 -(added to prevent tank corrosion). The waste is stored in three typical forms: sludge, salt cake and salt solution. Treatment of the waste will involve dissolving the salt cake and concentrating the actinides, radiocesium and radiostrontium from the solution followed by vitrification of the waste concentrate. Several sorbent materials such as silicate clays, metal oxides have high affinities for radionuclides in aqueous solutions. 1, 2, 3, 4, 5, 6 Titanate solids such as monosodium titanate (MST, with a similar stoichimetry to NaTi 2 O 5 .xH 2 O where x is unknown) and sodium nonatitanate (Na 4 Ti 9 O 20 .xH 2 O) are chemically stable in high pH solutions. These materials show great promise for use in the removal of radiostrontium (mainly 90 Sr) and actinides [uranium (U), plutonium (Pu) and neptunium (Np)] under conditions that are relevant to the processing of highly alkaline salt solutions. 6, 7 The current designs for the Salt Processing Facility at the SRS include the use of MST for Sr and actinide removal during HLW treatment. Also, the Actinide Removal Process will start radioactive operation in early 2004 using this chemistry. However, the fundamental mechanisms for removal of Sr and actinides remain unknown. On the atomic level, the removal of metals from solution by surfaces can occur via several fundamental mechanisms such as structural incorporation, ion exchange (including electrostatic or outer-sphere) sorption, specific (or inner sphere) adsorption and surface precipitation/polymerization. [A review of these processes is presented elsewhere. 8 ] In some cases, more than one mechanism may operate (for example specific adsorption and surface precipitation. Therefore, personnel need a direct characterization of the metal uptake to determine the mechanism(s) involved in metal removal. For example, the removal of a radionuclide from solutions in contact with a sorbent material could occur by surface precipitation rather than sorption. Surfaces acting as seeds to foster the growth of secondary phases (i.e., in the case of extensive surface precipitation) 8 may not act as sorbents that remove metals via specific or outer sphere sorption mechanisms. Minimal leaching of the sorbed Sr and actinides post contact with the sorbent is important since the process subsequently washes the solids to reduce the sodium and nitrates or nitrites send to the vitrification process. Should the waste become transferred to a holding tank for long periods or need washed prior to filtration, any precipitated or weakly sorbed radionuclides may be more or less labile than specifically adsorbed or structurally incorporated radionuclides.
Basic information about the local binding environments of actinides on MST holds several benefits for the proposed large-scale process. The local (atom-scale) structural characterization of Sr and actinide associations on MST will lead toward a better predictive model of actinide loading WSRC-MS-2003-00588 on MST, provide information in support of criticality safety (HLW contains fissionable actinide materials), promote the development of an improved titanate sorbent material, and create a more efficient process design with increased process throughput. Additionally, such studies may explain the relatively slow removal rates observed for some actinide species (such as with Pu) and possible competition among the radionuclides for sorption sites on MST. 7 Researchers have studied the local structural environments of sorbed Sr and sorbed U(VI) on a variety of surfaces using X-ray based techniques. 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 Most of these studies examined with naturally-occurring minerals under solution conditions relevant to geologic surface and subsurface environments. The Sr K-edge X-ray absorption fine-structure (XAFS) analyzed by inductively-coupled argon plasma mass spectrometry (ICP-MS) to determine the concentrations of the Sr and U in the salt solutions. 
HR-TEM Characterization Studies.
We prepared air-dried sub-samples of untreated and Sr-treated nm. Analysis of the sections occurred using a 200 keV Hitachi HF2000 field emission and 400 keV JOEL 4000EX instruments using brightfield and darkfield imaging, selective area electron diffraction (SAED), lattice-fringe imaging, and energy-dispersive X-ray spectroscopy.
X-Ray Absorption Analyses. We collected XAFS on beamlines X23a2 and X26a at the National Synchrotron Light Source (NSLS, Brookhaven National Laboratory, Upton, NY). The Sr-XAFS data come from the Sr K-edge (16.105 keV) with the U XAFS data collected at the U L 3 -edge (17.166 keV) on the prepared MST solids. We collected the XAFS data in fluorescence mode using an unfocussed X-ray beam and a fixed-exit Si(311) monochromator (X23a2, for U) or in transmission mode using a channel-cut Si(111) monochromator (X26a, for Sr). Ion chambers were used to collect incident, transmission and reference signals. Gas for the data collection in the ion chamber contained 100 % Ar (X23a2, X26a). At X23a2, we used a Lytle detector to collect fluorescence X-rays, using an Al metal foil (for Sr) or SrCO 3 foil (for U) to reduce background fluorescence counts. At X26A, we collected Sr XAFS in transmission using a pin diode detector.
Photon flux (X23a2) was maximized with a piezo stack feedback energy stabilization system at a Aldrich)]. The XAFS spectra were acquired at 0.3 to 2.5 eV step intervals over a 1010 eV range, which was relative to 16.105 keV(for Sr), and over a 980 eV range, which was relative to 17.166 keV(for U). Scan limits were 120 eV less than and 760 eV greater than the U L 3 -absorption edges and scan limits were 150 eV less than and 860 eV greater than the Sr K-absorption edge.
XAFS Data Analyses.
The XAFS analyses included the acquisition of X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine-structure (EXAFS) spectroscopic data. For the U XANES analyses, we defined the full height of the edge step for the U L 3 -XANES edge energies for the U-loaded MST samples and normalized to be 0 eV with the most stable and characterized standard, U(IV)O 2(s) . 5 We also compared edge energy values for the U-loaded MST For the EXAFS data analyses, the background contribution to the EXAFS spectra was removed using an algorithm (AUTOBK) developed by Newville et al. (1993) , which minimizes Rspace values in low k-space. Each chi data set was read into the WINXAS analysis package. 26, 27 Replicate scans were co-added to improve S/N. For the U-and Sr-loaded MST samples and the Sr reference materials the Sr EXAFS spectra were analyzed from 2 to 14 Å -1 . Data for the SrCO 3 and Sr(NO 3 ) 2 solid phase standards were analyzed from 2 to 11 Å -1 . The chi data for Sr and U were k 3 -weighted and Fourier-transformed (FT) to yield R-space. 28 Simulated EXAFS spectra were also generated based on the documented crystallographic properties for Sr and U solids using ab initio based theory, which involved FEFF 7.2. 29, 30, 31, 32, 33 All model fits of the EXAFS spectra were performed in k-space using Fourier-filtered spectra (i.e., the shell by shell method).
The first shell Sr-O fits were performed with and without a third cumulant term 19 ). 19, 20 Such variations were attributed to the methods used to determine amplitude reduction factors, the degree of anharmonic disorder and the number of experimental shells to be included in the model fits. To account for this, the third cumulant term has been used in fits for first shell Sr-O interactions to account for anharmonicity among light back-scattering atoms, primarily O in aqueous environments. 17, 19, 20 This term is often included to address the anharmonicity of hydrated Sr
2+
.
Results and Discussion
ICP-MS Analyses. Table 1 lists the Sr and U loading data for the samples (based on the ICP-MS analyses). Greater than 95% of the added Sr sorbed to the MST-regardless of loading. Greater than 95% of the added U(VI) sorbed to the MST (for samples UMST2 and UMST3) and 33% of the added U(VI) sorbed to the MST sample, which had the highest final loading (sample UMST1). range of 5 to 12 µm. 34 MST may possess a layered structure like that of the more crystalline solid sodium nonatitanate. 35 The HR-TEM analyses with untreated MST indicate the sample has two prominent morphological populations of titanate material (Fig. 1a and 1b) . The first is a very fine fibrous nanocrystalline surficial material and a second is an amorphous glass-like material (compare the SAED patterns in the insets for Fig. 1a and 1b) .
HR-TEM Characterization of
The SAED analyses with the fibrous MST material produce the following peak intensities, differs from that of Sr 2+ in an aqueous solution. These differences in amplitude could indicate dissimilar first-shell coordination numbers. The sample spectra for SrMST1 also indicate that the first shell distances are slightly shorter than that of the Sr 2+ in an aqueous solution (Fig. 2a) . (Fig. 2b) exists in the local environment. The observation of two Ti atoms at two radial distances may indicate that an outer sphere species is also present in the local environment of the sorbed Ti.
Uranium XAFS Data. An increase with respect to the relative XANES edge energy denotes an increase in the average U oxidation state in the sample or standard of interest and a linear relationship exists between the %U(VI) in the sample and the edge energy. 24 We measured the U-XANES edge energy for the UMST sample series and expressed the value relative to that for a U(VI) standard (synthetic schoepite). The U-XANES analyses indicated U(VI) as the dominant Figure 3a show the k 3 -weighted chi spectra for the three U-loaded MST samples. The spectra for the two samples with the highest U loadings (UMST1 and UMST2 with approximately 13,000 and 6,300 mg U kg -1 MST respectively) appear similar with their similarity most evident at low k-space. The chi data for sample UMST3 has considerably greater noise at high chi than that for the two more concentrated samples.
We Fourier filtered selected regions of the FT data and fit the EXAFS data in k-space using a shell by shell method. Examples of some of these fits for Sample UMST1 are shown in Fig. 3b and 3c. The higher shell fits show the presence of one or more C atoms, two Ti atoms (each at different distances) and one or more U atoms in the higher shells ( Table 1 ; not all data shown) and that at the highest surface loading, the sorbed U is present on average as a dimeric species. In general, fits for shells 2 and 3 proved better at high k-space than at low. Fits for higher shell C seemed satisfactory, but due to the similarities between the atomic weights of N and C and their somewhat similar bonding characteristics with U(VI) (i.e., bonding through bridging O atoms), we cannot exclusively determine whether N or C is associated with the U. Dissolved U(VI) has a higher affinity for C (as carbonate) than N (as nitrate). 36 Other XAFS-based characterization studies with sorbed U(VI) on minerals in near neutral basic pH solutions show that U(VI)-carbonate complexes often sorb to surfaces. 14, 22 We identified second shell U (CN value of ~1) atoms and two Ti atoms (with CN values of 0.5 and 0.7) as second shell neighbor atoms in the EXAFS, indicating that U is present as a polymeric form that has an inner sphere association with the MST surface.
Simulations of binding environments for metals on perfect Ti octahedra would simply yield Sodium nonatitanate is a more crystalline material than MST and it has similar radionuclide uptake efficiencies as MST. Therefore, we selected a nonatitanate structure for the molecular modeling of the XAFS results to provide information on the numbers and types of binding sites that could be expected for MST-assuming that like Sr, the U(VI) also is associated with the fibrous, crystalline portion of the MST (shown in Fig. 1a and 1c) . Association of U with the fibrous material is likely because it is on the periphery of the MST.
Structural refinements of spectra from X-ray diffraction studies with a La-substituted nonatitanate (LaTi 9 O 24 ) indicate there are five unique Ti octahedra, 37 four of which are distorted octahedra [Ti(1), Ti(2), Ti(4), Ti (5)] whereas one is a nearly perfect octahedron [Ti (3)]. By positioning the metals used in our studies at radial distances determined by our EXAFS studies, we determined whether the metals exhibited specific adsorption behavior (i.e., 2nd shell Ti atoms) at physically realistic binding sites with bridging O atoms on 5 possible Ti octahedra. We restricted these computer-based simulations to cases in which Ti exists in the second coordination shell in the EXAFS for U and they do not include surface associations of dimeric U species. Additionally, these simulations are based on the assumption that sorption occurs on the fibrous portions of the MST, which are on the surfaces of the MST particles.
Our first simulation examined bidentate sorption of U(VI) to a distorted Ti octahedra that is found in the LaTi 9 O 24 structure. 37 The simulations indicate that the short U-Ti radial distance that obtained from the EXAFS studies can only be simulated with the Ti octahedron called Ti (4) and not with the other Ti octahedra. The model supports the radial distances for the first shell U-O eq interactions generated from the fits of the EXAFS data and these data suggest that the sorption site for U(VI) is unique. Therefore, an increased number of such sites would accentuate the ability of the MST to remove dissolved U from solution.
If Sr and other actinides have little affinity for this type of site, there would be little competition between U and these actinide species for this Ti(4) site. A potential exception is that of polymeric actinide species (such as Pu colloid species or U polymeric species, which could be Therefore, the U-Ti distances we observe may not be applicable for sorbed Pu colloids, which are likely to have a different local structure than that of U(VI) or other hexavalent actinides.
Our last model for U(VI) sorption incorporates the sorption of U(VI) species with longer UTi radial distances on the surfaces of Ti octahedra Ti(1) and Ti(5) (data not shown). 37 The U-Ti distances and U-O eq distances could be simulated with the association of U species on two types of distorted Ti octahedrons.
The Sr and U in this study sorbed by similar mechanisms on the MST and there is a high likelihood of sorption site specificity for these two elements. The Sr 2+ on MST sorbs as partiallyhydrated species via an inner sphere mechanism. Within the range of Sr 2+ surface loadings studied, the coordination of the sorbed Sr remained the same regardless of loading. For sorbed U(VI), there is an influence of loading on the U speciation in that at high loadings, U sorbs primarily as a dimeric carbonato species whereas at lower loadings, U sorbs (on average) as a monomeric carbonato species. The role of the amorphous component of the MST is not known-in addition to the structure of the fibrous component, which could not be identified by diffraction analyses.
However, additional studies are needed to provide that information. 
